The lifespan of each individual, even in an isogenic cohort and a uniform environment, is quite different. The genetic factors influencing the lifespan in humans as well as animal models are few. The balance is attributed to "chance" variations. In this study, we focus on a third factor, noise or chance variations, as well as on genetic and environmental factors and examine how biodemographic aging is related to stochastic fluctuations, or noise. To elucidate the third factor in relation to aging and lifespan, we employed the nematode Caenorhabditis elegans, which can provide an ideal system for analyzing the mathematical and biophysical models. An amplification of ATP noise was clearly evident from around the onset of biodemographic aging (t 0 ) as if the t 0 was synchronized with or derived from the amplification of noise. Furthermore, the expression noise of the unc-54 gene, which encodes the myosin heavy chain, increased from around the t 0 . In contrast, the noise of genes related to the mitochondrial respiratory chain was almost constant with aging. There is a high energy barrier between life and death. Here we propose that the transition from living to dying may be facilitated by noise amplification. The finite value (or non-zero) of t 0 is essential to the lifespan equation derived from the diffusion model.
Introduction
The range of lifespan, despite an isogenic population of the same birth in a nearly homogeneous environment, is wide (Kirkwood and Finch, 2002; Klass, 1977) . The genetic factors influencing lifespan in humans and in animal models are few (5-40%) (Brooks and Johnson, 1991; Carey et al., 1992; Gelman et al., 1988; Herskind et al., 1996; Johnson and Wood, 1982; Ljungquist et al., 1998; Promislow et al., 1996) . The balance can be attributed to "chance" variations (Finch and Kirkwood, 2000; Rea et al., 2005) . A third factor, chance variations or noise, that significantly characterizes on lifespan and aging seems to be usually forgotten. The ingenious insight of Finch and Kirkwood (2000) that first found out to be some relation between aging and noise by comprehensively investigating various phenomena at various levels such as development, cell fate, brain function and menopause is essential to understanding the meaning of life and death in our whole life. Rea et al. (2005) found that there is a variable expression of the hsp-16 gene between young adult individual genetically identical worms. However, we must be able to mathematically express their concept for the problem of lifespan and aging, that is, for biodemographic data such as the survival curve and the mortality rate. Our diffusion model (Shoyama et al., 2007) has proposed one possible framework for such an issue. In addition, the impossibility of predicting a lifespan for an individual implies that aging biologically, or physically, supports the process of individuation (Suda et al., 2011) . However, the mechanisms underlying these stochastic phenomena in relation to lifespan, especially a quantitative relationship between chance variations and lifespan, remain unclear. Thus, in this study, we examined whether and, if so, how biodemographic aging is related to stochastic fluctuations, or noise (e.g., variability among individuals), at the molecular level.
Especially regarding noise, we focus on the timing mechanism of the onset of biodemographic aging (t 0 ) because the t 0 included in the lifespan equation is an essential parameter to quantitatively analyze lifespan. Although the Gompertz's model is a standard model in demography, in fact, this model does not fit all age ranges. Thus we proposed the diffusion model that is a simple stochastic theory. Whether t 0 is zero or not is a fundamental difference between the diffusion model (t 0 ≠ 0) and the Gompertz's model (t 0 = 0). In our previous paper (Suda et al., 2012) , we described one possibility that t 0 may be genetically determined by the daf-16 gene. However, since aging mechanisms are very complicated, we cannot exclude other possibilities. We still do not know for certain what the biological meanings of t 0 are. Thus we investigated the other possibilities using the nematode Caenorhabditis elegans as an ideal animal for aging research.
In this work, ATP content and gene expression per single animal were particularly measured to quantify noise among individuals to carry out the above purposes.
First, using a wild type at different culture temperatures, we examined whether there is some correlation between t 0 and noise of ATP content among individuals. Then we additionally checked using short-lived daf-16 mutants and long-lived daf-2 mutants.
Second, unc-54, which encodes myosin heavy chain B in the body wall muscles, was chosen as a target gene of gene expression. In aging individuals, muscle atrophies, resulting in sarcopenia, which causes degenerative loss of skeletal muscle mass and strength associated with aging in a wide range of species from C. elegans to humans (Nair, 2005) . In addition, gene expression of cco-1, which encodes a subunit of the cytochrome c oxidase complex, was tested because the mitochondrial respiratory chain (MRC) is closely related to lifespan and aging (Dillin et al., 2002) . The expressions of these genes were quantified by the quantitative reverse transcription polymerase chain reaction (qRT-PCR) method and estimated as a relative value to a housekeeping gene. The variability of gene expression, or noise, was given as the coefficient of variation among individuals, i.e., the standard deviation divided by the mean.
Materials and methods

C. elegans strains, culture conditions, and lifespan assays
In the present work, Bristol N2 (wild type), daf-16(mu86), and daf-2(e1370) mutants in C. elegans were used, maintained, and manipulated under standard conditions (Brenner, 1974) . Synchronized animals were prepared as described previously (Suda et al., 2011) . N2 and the daf-16 mutants were continuously cultured at 10°C or 25°C after being hatched at 20°C. The daf-2 mutants were initially raised at 16°C and shifted to 25°C when they grew to young adulthood. During egg laying, parental hermaphrodite animals were transferred to new plates every day at 25°C or every several days at 10°C to prevent contamination of progeny. The age denoted the time after hatching (0 = time of hatching). The statistical analysis and the illustration of figures were conducted using the KaleidaGraph software (version 3.6 or 4.1, Hulinks).
Single-worm ATP measurement
The whole ATP content in a single worm was measured by using luciferase-mediated bioluminescence. To isolate ATP molecules from an individual, 200 μl of M9-buffer including 0.001% of SDS was provided in a microtube (1.5 ml) and applied to an Ultrasonic Homogenizer US-50 (tip Ф5, output 50 W, Nihonseiki Kaisha Ltd.) for 20 s. After adding 100 μl of Lucifer 250 (Kikkoman Corp.), luminescent photons were immediately counted using a Lumitester C-110 (Kikkoman Corp.). Here, before transferring the single worm into the microtube, the bacteria attached to the body of the worm were carefully removed as it crawled on the NGM agar plate in the absence of a bacterial lawn and/or washed with M9 buffer. In addition, it was verified that there was no influence of ATPases in the ATP measurements.
To estimate ATP noise, the number of worms used in each point to estimate the noise was 10 to 14. The individual worms were randomly selected to exclude the experimenters' arbitrariness. The noise level of inevitable system error in measurements, or the measurement error, was 0.05 (n = 10), which was obtained from the same sample.
Single-worm qRT-PCR
To quantify the gene expression levels, quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used. The genes selected were unc-54 (myosin class II heavy chain) and cco-1 (a subunit of cytochrome c oxidase, complex IV). Furthermore, nuo-1 (a subunit of NADH ubiquinone oxidoreductase, complex I) and atp-3 (a subunit of ATP synthase, complex V) in the mitochondrial respiratory chain (MRC) were added to verify the result of cco-1 expression. The primer sequences of genes used are listed in Table 1 .
For mRNA analysis, total RNA was isolated from a single worm by 1.0 ml of Trizol (Invitrogen) and collected using a conventional liquid/ liquid extraction. cDNA was synthesized from the total RNA with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies) and qRT-PCR was performed with the Applied Biosystems 7500Fast system (Applied Biosystems, Life Technologies) using the Fast SYBR Green Master Mix (Applied Biosystems, Life Technologies). To determine the relationship between the cycle threshold (C t ) and mRNA levels, reactions were carried out in a total volume of 10 μl. Each reaction contained 5 μl of 2× Master Mix, 1 μl of each primer (5 μM), and 4 μl of serially (10-, 20-, 40-, and 80-fold) diluted cDNA template. A pre-incubation step of 20 s at 95°C to activate the Taq DNA polymerase was followed by 40 amplification cycles. Each cycle consisted of a 3-sec denaturation step at 95°C and an annealing/ extension step for 30 s at 62°C. A dissociation step to detect nonspecific amplification was added at the end of the run. The PCR raw data was analyzed using the 7500 Fast system SDS v1.4 software. For each reaction the dissociation curve was inspected for specific products, and samples showing a different melting curve were omitted from the analysis. The relative gene expression was determined using the ΔΔCt method, and the expression of the reference gene, β-actin, was used to control for template levels. Only the C t values with 0.95 to 1.05 as the amplification efficiency of PCR were collected. ΔΔC t , the difference in threshold cycles between the target and the reference genes, was calculated for each worm by subtracting the C t value of the reference gene from that of the target gene. From the relative C t value, noise was reduced as the coefficient of variation, i.e., the standard deviation divided by the mean. The number of worms used in a single point to evaluate noise was 10 to 14. The individual worms were randomly chosen without our arbitrariness. This condition was set up by providing a suitable number of young adults in each plate to exclude deliberate choice. The noise level of inevitable system error in measurements was 0.28 (n = 10), which was estimated using a reference gene from the same sample. All experiments in this study were independently repeated at least three times.
The lifespan equation derived from the fluctuation theory
The fraction survival to age x is given by l x = 100(N x /N 0 ) % as the percent survival, where N 0 and N x are the initially set population of animals and the number of animals alive at age x, respectively. As a practical matter in the analysis of C. elegans data on aging only, note that N 0 means the finally scored number that subtracts the number of abnormal deaths from the initially set population. Table 1 Selected genes for the qRT-PCR quantitative analysis in single animals.
Gene
PCR primers (5′ to 3′)
We derived the lifespan equation based on the stochastic fluctuation theory as described in a previous paper (Shoyama et al., 2007) .
First, as the simplest case in which individuals are genetically and environmentally homogeneous and compose a cohort, we derived the following solution:
where z ¼ ffiffiffiffiffiffiffiffiffiffi ffi 4Dt 0 p . D and t 0 represent the fluctuation constant and the onset of biodemographic aging, respectively. In that time, we assumed that animals do not die until x = t 0 in the diffusion equation. The t 0 is statistically determined by fitting experimental points with Eq. (1). Here, note that it is a measure from a population, but the measure is not determined for individuals. Also animals cultured under identically controlled circumstances, including temperature, nutrients, and lack of predators, were assumed to die of a single natural cause. As a biological meaning of z, we have reported that the inverse of z is approximately proportional to the exponential decline rate constant (λ) in the respiratory activity with aging; 1/z ≈ λ/2 (Shoyama et al., 2007) . The mean lifespan, 〈x d 〉, is given as follows:
For the case of n causes of death, the extended version of Eq.
(1) has been concretely described in our paper (Suda et al., 2012) . That expression could be effectively applied on a heterogeneous case that was generated even under genetically and environmentally homogeneous cohort of the same birth.
Results
Measurements of ATP content per single worm and noise analyses
First, using a wild type at different culture temperatures 25°C and 10°C, we examined whether there is some correlation between t 0 and noise of ATP content among individuals. The ATP content per animal is served as an indicator to characterize a stochastic nature among individuals. An ATP measurement per single animal, whose protocol was specially provided, gives us confidence that ATP can easily and rapidly be measured with high precision and reliability. Data points that were obtained under two different temperatures as a culture condition were merged in Fig. 1 . The noise of ATP content per animal showed a tendency toward an increase from around t 0 with aging. It seems as though the timing of noise amplification synchronized with the onset time of biodemographic aging. In other words, this interpretation suggests that the timing of t 0 may be driven by such noise amplification. On the other hand, the mean values of ATP content per animal exponentially declined with aging after maturation. This declining feature is consistent with that from oxygen consumption rates (Shoyama et al., 2007; Suda et al., 2011) . Since both quantities (ATP and respiration) are coupling in the mitochondria, as is well known, this consistency seems to be quite reasonable. In addition, the shorter the lifespan was, the higher the decline rate of ATP with age was. This result is also in agreement with that of the respiratory rates.
To verify whether the above conclusion can be reproduced under another condition, we then tested using short-lived daf-16 mutants. The t 0 of daf-16 mutants is shorter (about two days) than that of the wild type, as indicated in Table 3 of our previous work (Suda et al., 2011) . We pointed out in the same paper that t 0 may be related to growth and/or development. Indeed, as if the timing of ATP-noise amplification in the daf-16 mutant would respond to the t 0 shortening, it deviated toward about two days shorter than that of N2, as shown in Fig. 2A . This result supports the suggestion that the timing of t 0 may be driven by noise amplification. On the other hand, the slope of decline in averaged ATP content with aging expectedly became steeper than that of N2, as compared in the inset of Fig. 2B .
Furthermore, we tested whether the above results can be realized in another lifespan-related strain, long-lived daf-2 mutants. Unlike the above feature, the result is apparently not simple, as seen in Fig. 3A . In the previous paper (Suda et al., 2012) , the authors pointed out that the survival data of daf-2 mutants may include the component of an N2-like subcohort. Here we shall apply this interpretation to the result of ATP noise. The t 0 value (mean ± 95% confidence (the sample number)) of daf-2 mutants is composed of two components, t 01 = 6.4 ± 1.6 days (5) and t 02 = 26.8 ± 6.6 days (5), whose values are obtained from our recent paper (2012). The region of these t 0 values is merged with the raw data points of ATP noise in Fig. 3A . We did not find any change around the first component of t 0 . The reason is not entirely clear, but probably it will be related to the low ratio of the first component. However, ATP noise gradually increased after the second component of t 0 , as shown clearly in the profile. This result strongly supports the previous suggestion, based on the results from N2 and daf-16 mutants, that the timing of t 0 may be driven by noise amplification. The averaged ATP content in Fig. 3B exponentially decreased after maturation.
Measurements of gene expression per single worm and noise analyses
In the above section, we recognized the correlation between ATP noise and t 0 under several different conditions. Next we ask whether similar results can be obtained at gene expression levels.
First, we focus on the unc-54 gene of wild type. Similarly to the profile of ATP noise, the expression noise of the unc-54 gene increased from around t 0 as though the t 0 was synchronized with or derived from the amplification of noise (Fig. 4A) . In contrast, the noise of MRC-related genes was approximately constant with aging ( Fig. 4A  and C) .
The averaged expression quantity of the unc-54 gene exponentially decreased with aging (Fig. 4B) . During muscle contraction at maximum metabolic rate, most of the synthesized ATP (~90%) is consumed (Hochachka and Beatty, 2003) . These facts suggest that ATP production may decrease with aging under a balance of energy supply and demand. Indeed, as mentioned above, the averaged ATP content per animal after maturation declined exponentially (Fig. 1B) . In the preceding section, we described two possibilities about how ATP content declines with aging. Our results suggest that the mitochondrial activity may decline with aging because respiratory gene expression levels are constant, providing that it is relative to the expression of housekeeping gene. Indeed, this interpretation has been demonstrated in humans (Hayashi et al., 1994; Short et al., 2005; Trounce et al., 1989) . However, we did not directly measure the activity of respiratory proteins isolated from worms, so this issue remains. The survival curves of daf-2 mutants indicated heterogeneity including N2-like subpopulation (Suda et al., 2012) . Thus, two components of t 0 values (mean ± 95% confidence interval, n = 5) were t 01 = 6.4 ± 1.6 days (sky-blue area) and t 02 = 26.8 ± 6.6 days (orange area), which were derived from the analyses of the lifespan equation. Error bars: s.d.
Discussion
A role of ATP noise and gene expression noise
The results from N2, daf-2 and daf-16 mutants suggest that the timing of t 0 may be driven by ATP-noise amplification. The averaged ATP content with aging exponentially decreased after maturation. Our interest, then, is to consider why ATP content decreases with aging. One possibility is that the quantity of proteins in the electron transport chain or mitochondria itself may decline with aging. Another possibility is that their activity may decline by accumulating protein damage due to reactive oxygen species (ROS) or DNA mutation with age, while gene expression levels and protein content are nearly constant in the mitochondria.
According to our results, the expression noise of the unc-54 gene of wild type increased from around t 0 , while the noise of MRC-related genes was approximately constant with aging. These tendencies are almost consistent with the results for individual cells isolated from a mouse heart by Bahar et al. (2006) , but that pioneer work regrettably lacked a quantitative relationship between lifespan and gene expression noise. Whether noise amplification can occur around the t 0 value appears to significantly depend on the kind of genes involved.
Myosin in C. elegans is composed of four myosin heavy chain isoforms; A (MYO-3) and B (UNC-54) in the body wall muscle, and C (MYO-2) and D (MYO-1) exclusively in the pharyngeal muscle (Ao and Pilgrim, 2000) . Those differ in the localization and form different fiber types. For example, the expression of the myo-2 gene in strain TJ375 does not at all relate to lifespan (Rea et al., 2005) , i.e., it is not a predictor of survival.
Muscle and mitochondria are connected through ATP molecules. Thus, the amplification of noise in both myosin gene expression and ATP content may be interpreted to synchronously occur. However, this noise effect is not always thought to be unique as a determinant factor of t 0 because the timing of t 0 may correlate to a threshold of metabolic rates (Fig. S1) . In this way, we propose several possibilities for the biological meaning of t 0 , because aging is thought to be attributed to various causes such as ROS (Harman, 1956 ), accumulation of errors in nuclear and mitochondrial DNA (Harris et al., 2006; Mandavilli et al., 2002) , and telomere shortening (Aubert and Lansdorp, 2008) . In addition, taking the mutual interaction between those causes and environment into account, the mechanisms of aging will appear more complex. Thus, various possibilities may exist as a web-like network and be mutually linked. In this sense, although Rea et al. (2005) reported the interesting fact that HSP-16.2 is a predictor of lifespan, this function is not always a unique determinant of lifespan. Thus, there is a possibility that a source of the unc-54 expression noise may be attributed to the variability of the ATP content. However, how the noise level of unc-54 expression is regulated remains unknown.
Lifespan is closely related to metabolic rates that exponentially decrease with aging (Shoyama et al., 2007 (Shoyama et al., , 2009 Suda et al., 2011) . It is likely that a reduction of the ATP content contributes to the age-related decline of respiratory activity. Declines in unc-54 expression as well as ATP content with age are likely to contribute to muscle weakness. However, in the future we must determine whether the age-related decline of myosin gene expression is the result or the cause of reduced ATP content. Nair (2005) maintained that an age-related decline in the synthesis rate of skeletal muscle heavy chain has been reported in humans and may explain the decline in myosin content reported in C. elegans. Aging in humans is associated with loss in neuromuscular function and performance (Raj et al., 2010) . This is, in part, related to the reduction in strength and power caused by the loss of skeletal muscle mass (sarcopenia) and changes in muscle architecture. Sarcopenia is attributed to a number of factors: preferential type II myofiber atrophy as a result of motor neuron death, decreased physical activity, altered hormonal status, decreased caloric and protein intake, inflammatory mediators, and altered protein synthesis. Sarcopenia with aging is noted in a wide range of species, from nematodes, flies, rodents, and nonhuman primates to humans (Nair, 2005) . A study in C. elegans showed gradual, progressive deterioration of muscle in this short-lived nematode that resembled human sarcopenia from midlife forward (Herndon et al., 2002) . The observed muscle deterioration occurred not only in body wall muscle but also in myofibrils of pharyngeal muscles. The sarcomere of older C. elegans progressively became disorganized and contained fewer myosin thick filaments.
Thus, it appears that C. elegans, like humans, undergo progressive loss of muscle mass and function. A remarkable finding of Herndon et al. (2002) was that the worm has a preserved central nervous system, even at an advanced age, and that muscle changes, which appear to occur at the beginning of midlife, indicate a dissociation between neuronal and muscle changes. In addition, Kirkwood and Finch (2002) mentioned that worms are perhaps not so very different from humans, at least in the sense that an important aspect of their decline into senescence is the progressive deterioration of muscle, or sarcopenia.
As a summary of this section, the present findings are compatible with previous results showing that the stochastic factor is significant in C. elegans aging at the gene expression level (Rea et al., 2005) as well as at the tissue level (Herndon et al., 2002) and in mouse cardiac muscle aging at the cell level (Bahar et al., 2006) . As the future problem, we must elucidate how stochastic fluctuations in aging and lifespan at the individual level are quantitatively linked at mutually various levels, such as gene expression, proteins, biochemical activity, cells, and tissues.
A biological role of noise amplification for aging and lifespan
In this work, we found a significant correlation and an effective combination between the timing of t 0 and noise amplification (from both ATP content and unc-54 gene expression). Accordingly, now we ask what role amplified noise plays in lifespan and aging. Suda et al. (2011) pointed out that there may be a high energy barrier between life and death. Taking the principle based on the chemical reaction rate theory into account, the transition from living to dying may be facilitated by noise amplification (Fig. 5) because the probability over the energy barrier amplifies as the noise increases. Thus, this idea suggests that the population begins to die from around t 0 . According to this hypothesis, the smaller the amplitude of ATP noise amplification, the higher the rate of survivability, leading to a longer lifespan. Indeed, this prediction seems to be realized in the lower temperature (Fig. 1A) and in the long-lived mutants (Fig. 3A) .
This hypothesis also suggests that there is a threshold in the noise level. For example, taking the energy level into account, the threshold probably corresponds to the standard free energy change of ATP. The conceptual illustration as an image is shown in Fig. 5 . In the process of aging, the ATP content, the gene expression and metabolic rates, on average, decline after maturation (Figs. 1B, 2B , 3B, 4B and S1). The C. elegans cohort begins suffering death at some timing. According to our present results, the timing corresponds to just the t 0 . We showed by various tests that it is not merely coincidence. Finch and Kirkwood (2000) maintained the importance of chance variations on lifespan and aging. Our present result appears to quantitatively support their intuition. It also implies that aging may biologically or physically support a process of individuation in humans as well as in C. elegans. Interestingly, it is actually reported that there are aging and individuality even in bacteria (Ackermann et al., 2003; Davidson and Surette, 2008; Spudich and Koshland, 1976; Stewart et al., 2005) . Since the noise amplification found in C. elegans can be thought to be due to the variability with aging, the similar results may be naturally expected in humans and even in bacteria. In the future, we need to further explore from other viewpoints how the third factor (chance variations or noise) is concretely related to the genetic factor and the environmental factor.
Conclusion
In the present work, we showed that the noise of ATP content and unc-54 gene expression with aging in C. elegans amplify almost simultaneously with or from just after t 0 . On the other hand, the noise of gene expression related to the mitochondrial respiratory chain was almost constant with aging. The average of ATP content and the unc-54 gene expression exponentially declined with age after maturation. However, whether these conclusions regarding C. elegans can be reproduced in regard to other species is not yet known. Particularly, a longitudinal study of retrospective cohort with human senescence will be a theme of interest in the future. 
